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Nuclear and mitochondrial genomes have co-adapted through evolution. 
Interactions between these genomes are required for mitochondrial functions. My goal 
was to determine how divergence of these interactions affected mitochondrial function 
and organismal fitness. The impact of divergence between Caenorhabditis briggsae 
populations and between C. briggsae and its sister species, C. nigoni was assessed.  To 
accomplish this, four sets of hybrid lines were constructed.  Each hybrid line possessed 
the nuclear genome of one parental strain and mitochondria from another parental strain.  
Two sets of hybrid lines were constructed from strains derived from different C. briggsae 
populations.  The other two were constructed from C.briggsae and C. nigoni parental 
strains. If a sufficient disruption occurred between the nuclear-mitochondrial interactions 
within the hybrids, then mitochondrial function and overall fitness was expected to 
decline.  Parental and hybrid strains were scored for embryonic lethality, ovulation rate, 
and intrinsic growth rate. Significant differences were observed between the C. 
briggsae:C. nigoni hybrids and their parental strains in embryonic lethality and ovulation 
rates.  However, no significant differences were observed between parental C. 
briggsae:C. nigoni hybrid lines in their intrinsic growth rates.  Abnormal larval 
phenotypes also were observed in high rates in C. nigoni and higher rates in C.  
iv 
briggsae:C. nigoni hybrids.  Most of the abnormal hybrids exhibited a shorter life span 
and arrested before adulthood, preventing them from producing their optimal amount of 
offspring. The C. briggsae:C. briggsae hybrids showed significant differences in their 
ovulation rates compared to their C. briggsae but not their C. nigoni parent strains.  No 
significant differences were detected in embryonic lethality and intrinsic growth rates 
between C. briggsae parents and C. briggsae hybrids.  Therefore, a greater difference in 
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Coevolution of mitochondrial and nuclear genomes 
 Mitochondrial functions depend on both the mitochondrial and nuclear genomes.  
Mitochondrial genomes have specific protein coding genes that are essential for the 
electron transport chain.  Whereas, the nuclear genome codes for proteins that are 
important for all cellular organelle processes, including electron transport.  The electron 
transport chain is composed of five complexes that have nearly a hundred proteins all 
together (Figure 1).  There is considerable variation in the content of mitochondrial 
genomes.  Mitochondrial genomes range from 67 protein-coding genes found in 
Reclinomonas americana, to 3 protein-coding genes of Plasmodium falciparum (Gary et 
al., 1999).  The common number of protein-coding gene size ranges between 12 and 24 
(Gary et al., 1999).  About sixty-seven protein-coding genes from the nuclear genome 
contribute to the oxidation phosphorylation cycle (DiMauro, 2004). 
 
Comparison of genomes   
Though the nuclear and mitochondrial genomes are within the same cells, their  
genomes differ greatly.  In sexual organisms, the nuclear genome undergoes 








Figure 1: Electron transport chain complexes with distinct highlighted proteins of 
Caenorhabditis elegans.  The red proteins are the only proteins encoded by the 
mitochondrial genome.  The light green proteins are encoded solely by the nuclear 










paternally.  The mitochondrial genome does not undergo recombination and is primarily 
inherited maternally.  Paternal mitochondria are readily degraded shortly after entering 
the ooplasm.   An ubiquitin tag is added to sperm mitochondria before fertilization occurs 
(Sato & Sato, 2012).  One ubiquitin molecule signals for degradation by lysosomes 
within the oocyte (Strous & Govers, 1999). 
A eukaryotic cell can have hundreds of mitochondria. One mitochondrion within 
the cell can contain dozens of mitochondrial DNA (Chail & Craig, 2008).  The number of 
DNA within a mitochondrion do not show consistencies between different tissue types 
(Clay Montier et al., 2009; Gianotti et al., 2011).  Having a mixture of mutant 
mitochondrial DNA and “normal” mitochondrial DNA is known as heteroplasmy (Howe 
& Denver, 2008).  The mitochondria’s mode of inheritance can impact the population 
structure.  Gene flow between populations is one sided because of its limitation to 
maternal inheritance.  Selective pressures of mitochondria can occur within a single cell 
from competition between other variants of mitochondria.  The nuclear genome does not 
have to compete with another nuclear genome within a single cell.   
  Each species has a unique mutation rate within their nuclear and mitochondrial 
genomes.  The mutation rate of the nuclear genome of Caenorhabditis elegans is 
estimated at 2.7 x 10
-9
 substitutions per site per generation (Denver et al., 2009).   
Whereas C. elegans’ mitochondrial mutation rate is 35 times higher than that of the 
nuclear mutation rate, with an estimation of 9.7 x 10
-8
 substitutions per site per generation 
(Denver et al., 2000).  The mutation rates for both the nuclear and mitochondrial genome 
can fluctuate due to environmental stressors.  Through evolution, some mitochondrial 
genes have transferred to the nuclear genome.  It is still unclear as to why the 
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mitochondrial genes transferred to the nuclei.  The transfer of genes may have been easier 
from mitochondria to nuclear than nuclear to mitochondria (Berg and Kurland, 2000).   
 
Heteroplasmy and apoptosis 
Within and between species, considerable allelic variations exist in mitochondrial 
and nuclear genomes.  These allelic variations or potentially detrimental mutations found 
in the mitochondrial genome could cause a decrease in the mitochondria’s function.  The 
nuclear genome can prevent fitness decline from a detrimental mitochondrial mutation by 
compensatory evolution.  Ohta (1973) modeled the compensatory weak selection (CWS) 
that states: after a deleterious mutation has become fixed within a population, a 
compensatory mutation will arise respectively.  Since mitochondria do not undergo 
recombination and have a low effective population size, mutations (including deleterious 
mutations) become fixed at higher rates than the nuclear genome (Osada & Akashi, 
2012).   Based on theoretical simulations and analyses of cytochrome c oxidase (COX) 
complex sequences, mutations of nuclear-encoded COX genes in primates have been 
fixed to compensate for mutations in mitochondrial-encoded COX genes.  These 
mutations would be promoted due to a nuclear encoded COX protein being directly near 
the altered mitochondrial encoded COX protein within the complex (Osada & Akashi, 
2012).  Therefore, coevolution of the mitochondrial and nuclear genome is driven by 
mitochondrial mutation followed by compensatory nuclear mutation.   
If the nuclear genome cannot compensate for the mitochondrial mutation, the cell 
can maintain its metabolic functions as long as a specific threshold of dysfunctional 
heteroplasmy is not exceeded.  This effect is known as the Mitochondrial Threshold 
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Effect Theory (Ventura et al., 2006).  Apoptosis, or programmed cell death, may be 
triggered if this threshold of dysfunctional mitochondria is exceeded.  Mitochondria 
regulate most cellular apoptosis events by mitochondrial outer membrane 
permeabilization (MOMP).  MOMP releases cytochrome c and other molecules found 
within the inner mitochondrial membrane.  Some of these molecules stimulate cysteine 
aspartyl-specific proteases (caspases) that trigger cell death.  Also, MOMP disrupts the 
oxidation phosphorylation process that the cell heavily depends upon (Green and 
Kroemer, 2004; Hengartner 2000).  A heteroplasmic mitochondrial background has been 
supported in opposing apoptosis (Schoeler et al., 2005; Park et al., 2009).  Though cell 
death is not always desired, in the absence of apoptosis, tumorous cells are able to thrive 
(Park et al., 2009).  Therefore, heteroplasmy of the mitochondria can become detrimental 
to the organism. 
 
Mitochondrial dysfunctions   
Mitochondrial dysfunctions have been shown to be connected to cancer, Alzheimer’s, 
diabetes, cardiomyopathy and many other medical disorders (Hartman et al., 2004; 
Ventura et al., 2006).  The human mtDNA is about 16.6 Kb, housing 37 protein-coding 
genes (Greaves and Taylor, 2006).  Genetic defects within protein-coding genes support 
many disorders (Figure 2).  These mutations can inhibit the functionality of the electron 




Figure 2:  Human mitochondrial DNA with specified mutation sites that cause the most 
common clinical conditions. The disorders are as followed: LHON – Leber hereditary 
optic neuropathy; MELAS – mitochondrial myopathy, encephalopathy, lactic acidosis 
and stroke-like episodes; NARP – neurogenic weakness, ataxia and retinitis pigmentosa; 
MILS – Maternally-inherited Leigh Syndrome; MERRF – Myoclonic epilepsy and 
ragged-red fibres; MIDD – maternally-inherited diabetes and deafness; CPEO – chronic 









patients may be able to receive a direct diagnosis because of the more than 250 
mitochondrial mutations defined in the database MITOMAP (http://www.mitomap.org) 
(Greaves and Taylor, 2006).  However, not all mitochondrial related diagnoses have an 
effective treatment readily available for patients.  Mitochondrial disorders can be difficult 
to diagnose when the patient does not exhibit specific clinical symptoms.  The pleiotropic 
mitochondrial disease MELAS (myopathy, encephalopathy, lactic acidosis and stroke-
like episodes) is due to a particular tRNA point mutation only >80% of the time.  The 
other <20% of cases are a result of point mutations within other tRNA genes and protein-
coding genes (Greaves & Taylor, 2006).  Just by the disease name alone, MELAS, 
describes how much one point mutation can cause a collection of biochemical flaws.  
Additional investigation needs to be conducted before we fully understand how 
mitochondrial disorders are occurring.     
Nuclear and mitochondrial genomes have coevolved to regulate and maintain 
cellular interactions.  However, the molecular bases of these interactions can and do 
diverge in different populations and species.  A mitochondrial genome accompanied by a 
foreign nuclear genome is known as a “disrupted” genotype.  The degree of the 
disruption varies with the amount of divergence (Rand et al., 2004).  Interspecific and 
intraspecific crosses can cause a mismatch of nuclear and mitochondrial genomes.  This 
discrepancy among the genomes could lead to lower ATP levels, cell death, and reactive 
oxygen species, where oxygen is reduced from an escaped electron (Lane, 2011).  
Defects in mitochondrial functions are observed in mice that have mitochondria derived 
from one species and nuclei from another.  In these ‘cybrid’ (an organism with a cytotype 
varied from their nuclear background) mice, the mismatch between nuclear and 
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mitochondrial DNA results in lowered performance in physical tests (Nagao et al., 1998).  
Some rare human diseases are caused by indirect nuclear genomic mutations hindering 
the mitochondrial genome (Wallace, 1999).  These diseases include Friedreich’s ataxia 
and mitochondrial neurogastrointestinal encephalomyopathy syndrome (Wallace, 1999; 
Rӧtig et al., 1997).  A great model for analyzing human mitochondrial associated diseases 
is the nematode genus Caenorhabditis because their mitochondrial genes and DNA 
length are similar to humans (Ventura et al., 2006; Ishii et al., 2007). 
 
Caenorhabditis 
 Caenorhabditis is a genus of free living nematodes that include androdioecious 
(hermaphroditic and male) and gonochoristic (female and male) species (Figure 3).  
These nematodes feed on bacteria found on decaying fruit.  Species vary in distribution, 
some are geographically restricted while others are globally distributed (Kiontke et al., 
2011; Cutter, http://labs.eeb.utoronto.ca/cutter/map/).  Based on the phylogeny of 
Caenorhabditis, hermaphroditic species arose three independent times within the Elegans 
Group: C. elegans, C. tropicalis and C. briggsae (Figure 3; Kiontke et al., 2011).   
 
Nuclear and mitochondrial genomes   
Caenorhabditis species have 12 protein coding genes in their mitochondrial 
genomes (Figure 4; Lemire, 2005; Raboin et al., 2010; Stein et al., 2003).  Within and 
between species considerable allelic variations exist in these genes (Figure 5).  The 
nuclear genome of Caenorhabditis consists of five pairs of autosomes and one sex 






Figure 3: Nuclear phylogeny of Caenorhabditis.  Species depicted in red are 






Figure 4: Location of protein coding mitochondrial genes of C. elegans. The gray arrows 











Figure 5: Partial protein alignment of NADH dehydrogenase subunit 5 from two C. 
briggsae strains, C. sp. 5 and C. nigoni.  The C. nigoni JU1422 Nad5 sequence was found 
through a BLAST search using a C. briggsae query for C. nigoni at 959 Nematode 
BLAST server (Refer Appendix A: Figure a.).  Sequences from GenBank: EU407780, 
GU452313.1, and NC_009885.  Alignments made using clustal was implemented by 
http://www.genome.jp/tools/clustalw/.  C. briggsae strains include AF16 and JU1345.  





encodes more than 20,000 protein-coding genes (C. elegans Sequencing Consortium, 
1998; Thomas, 2008; Stein et al., 2003), where 660 genes are approximated to encode 
proteins specifically for the mitochondria (Marcotte et al., 2000). 
 
C. briggsae and C. nigoni 
C. briggsae and C. nigoni are sister species (Figure 3).  C. briggsae is a 
hermaphroditic species, whereas C. nigoni is a gonochoristic.  C. briggsae has 5 strong 
phylogeographic groups composed of different strain populations: tropical, temperate, 
Montreal, Nairobi, and Kerala.  The tropical, temperate and Kerala populations diverged 
about 8.92 x 10
5
 generations ago (Cutter et al., 2010).  C. nigoni was discovered a few 
years ago (Kiontke et al., 2011).  C. briggsae and C. nigoni diverged about 10.2 x 10
6
 
generations ago, assuming the species have the same mutation rates and 10 generations 
occur per year (Cutter et al., 2010).  C. nigoni has been shown to be cross fertile with C. 
briggsae.  F1 females derived from cross are fertile and can be backcrossed with C. 
nigoni males (Woodruff et al., 2010).   
 C. briggsae strains (including AF16) contain pseudogenes within their 
mitochondrial genome and are separated into 3 distinct clades: I, II and III (Figure 6). All 
clades have the pseudogene NAD5-1 (NADH dehydrogenase 5 like element),and clades 
I and II have another pseudogene, NAD5-2.  The presence or absence of pseudogene 
NAD5-1 and NAD5-2 contributes to variation within a population. C. nigoni does not 
have either pseudogene, even though C. sp. 5, which is basal to both C. briggsae and C. 
nigoni, does have NAD5-1.  Since it is easier to lose a gene than to gain a gene, C. 




    
 
Figure 6: Phylogeny of mitochondrial DNA with the inclusion of pseudogenes NAD5-
1 and NAD5-2 of Caenorhabditis.  The doted box in the upper left corner is the nuclear 
phylogeny (from Raboin et al., 2010).  Clades I and II in this mitochondrial phylogeny 
correspond to the tropical and temperate populations of C. briggsae (Cutter et al., 2006; 
Cutter et al., 2010).  Clade III corresponds to the Kenyan and Kerala populations which 






Figure 7:  C. briggsae mitochondria with location of pseudogenes ND5-1 and ND5-2 










Pseudogene NAD5-1 is not detrimental to the mitochondrial genome.  However, 
pseudogene NAD5-2 can mediate the deletion of the 5’ end of NAD5, leading to 
heteroplasmy of mitochondria with and without the deletion (Figure 7; Howe & Denver, 
2008).  NAD5 is a subunit for Complex I of the oxidation phosphorylation cycle.  If 
Complex I does not function properly, the overall function of accepting electrons from 
NADH and pumping protons across the mitochondrial inner membrane is reduced.  
Heteroplasmy for NAD5-2-induced deletions can harm a cell if the fraction of 
dysfunctional mitochondria becomes too high (Howe and Denver, 2008; Raboin et al., 
2010).  When a threshold of dysfunctional mitochondria has been exceeded, the cell can 
no longer manage in a balance order and disorders, such as embryonic lethality arise 
(Ventura et al., 2006). 
 
Specific Aims 
The goal of this project was to study the coevolution of the mitochondrial and 
nuclear genomes in interspecific and intraspecific species of the nematode genus 
Caenorhabditis. To accomplish this, four sets of cybrid lines were constructed.  Two sets 
of intraspecific cybrid strains were constructed from reciprocal crosses between two 
strains of C. briggsae.  Two sets of interspecific cybrid strains were constructed from 
crosses of C. briggsae strains to C. nigoni.  The interspecific cybrids have a C. briggsae 
mitochondria in a C. nigoni nuclear background.  The fitnesses of these cybrid strains 






II. MATERIALS AND METHODS 
 
 
Nematode strains and maintenance  
 Nematode strains were maintained in 60mm petri dishes on worm growth agarose 
medium with the additive streptomyocin.  Plates with streptomycin (10mg/ml) antibiotic 
were seeded with E. coli strain DA847 and were incubated at 22C.  C. briggsae strains 
AF16 and JU1345 originated from India and Kerala respectively (Fodor et al., 1983; 
Cutter et al., 2010).  C. nigoni strain EG5268 originated from the Congo (Woodruff et al., 
2010).   
 Cybrid strains were constructed based on the assumption of strict maternal 
inheritance of mitochondria (Zhou et al., 2011; Sato and Sato, 2012).  P0 crosses were 
conducted between females or sperm-depleted hermaphrodites with the desired 
mitochondria and males with the desired nuclear genome.  Hybrid progeny from these 
crosses were back-crossed to males from the paternal P0 strain for several generations.  
For interspecific crosses, sibling matings were conducted at the F10 generation to 
establish the cybrid strains.  For intraspecific crosses, cybrid strains were established 
from individual F20 hermaphrodites.  Additional generations of back-crosses were used 
for the construction of intraspecific cybrids to guard against the possibility of 
occasionally picking a self-fertilization worm rather than cross-progeny from 
hermaphrodite mothers.  At the F10 generation, the probability of fixation for paternal 
17 
nuclear loci was 0.999.  However, of strong linkage disequilibrium within each of the six 
chromosomes in C. briggsae and C. nigoni, the likelihood of any residual DNA from the 
maternal P0 strain being present in the cybrid strains was near zero.  Three independent 
replicates were constructed for each set of cybrid strains (Table 1). Frozen stocks of 
parental and cybrid strains were prepared and stored in liquid nitrogen to preserve these 




 Embryonic lethality was measured directly by the presence of embryos not 
hatching.  On freshly spotted plates, with about 1cm of E. coli, five gravid and plugged 
hermaphrodites/females laid eggs for one hour.  Immediately after the removal of the 
mothers, eggs were scored based on shape, transparency and location.  Twenty four hours 
later unhatched eggs were counted and any physical characteristics were noted.  Embryos 
normally hatch within 10 hours of egg laying (Sulston et al., 1983).  Therefore, 
embryonic lethality was calculated as the fraction of eggs that did not hatch within 
twentyfour hours of egg laying.  A secondary measure of egg viability was the count of 
larvae and adults present 72 and 96 hours after egg laying.  In all cases, the number of 
live worms observed at these time points were consistent with the number of eggs that 
hatched within twenty four hours.  Twenty-five replicates were conducted on the parental 
strains and each hybrid line.  
 






Table 1.  Genotypes of cybrid strains 
 parental strains 
cybrid strain mitochondria genome nuclear genome 
intraspecific cybrids 
PB3494 C. briggsae JU1345 C. briggsae AF16 
PB3495 C. briggsae JU1345 C. briggsae AF16 
PB3496 C. briggsae JU1345 C. briggsae AF16 
   
PB3497 C. briggsae AF16 C. briggsae JU1345 
PB3498 C. briggsae AF16 C. briggsae JU1345 
PB3499 C. briggsae AF16 C. briggsae JU1345 
   
interspecific cybrids 
PB3500 C. briggsae AF16 C. nigoni EG5268 
PB3501 C. briggsae AF16 C. nigoni EG5268 
PB3502 C. briggsae AF16 C. nigoni EG5268 
   
PB3503 C. briggsae JU1345 C. nigoni EG5268 
PB3504 C. briggsae JU1345 C. nigoni EG5268 




Brood schedules and maximal ovulation rate 
Caenorhabditis nematodes can live 10-15 days (Hodgkin, 1988).  Embryonic and 
larval development occur in the first two days of life.  During day 3 worms reach 
adulthood and begin to reproduce.  If a male is readily available for the female to mate 
with on day 3, the female can begin to produce eggs (Hodgkin, 1988).  Egg production is 
normally at its highest peak on day 4 making this day the maximal ovulation rate.  Day 5 
was used for peak ovulation rates for 3 cybrids (PB3495, PB3496, and PB3504) and C. 
briggsae AF16 strain because more progeny were produced on this day instead of day 4.  
The number of eggs produced gradually decreases for each day thereafter.  A 
female/hermaphrodite can lay about 300 eggs within its lifespan (Hodgkin, 1988).   
Five hermaphrodites or 5 gravid females were placed on a non-incubated, spotted 
plate for one hour to lay eggs.  Forty-eight hours later the young F1’s (first generation) 
have reached  the larval stage 4 (L4).  One F1 L4 hermaphrodite or one F1 L4 female and 
three F1 L4 male were placed on a new, individual non-incubated spotted plate.  Twenty-
four hours later the hermaphrodite or plugged female was transferred to a new, individual 
non-incubated spotted plate.  Males were removed from the females so mating would not 
continue.  These mothers were transferred to new plates every twenty-four hours for 4 
days total.  For each plate where the mothers were able to lay eggs, the F2 young were 
counted 48 hours, 72 hours, and 96 hours later to ensure that all young were found.  From 
day 4 or day 5 of the brood schedule, the maximal ovulation rate was calculated as the 






Intrinsic growth rates 
 Intrinsic growth rate is the amount of viable young that a single worm can 
contribute to the next generation.  The intrinsic growth rates can be accounted for by 
brood schedules.  On freshly spotted, non-incubated plates, five gravid and plugged 
hermaphordites/females laid eggs for one hour.  After 48 hours, each F1 worm was placed 
onto an individual freshly spotted plate (1 hermaphrodite per plate or 1 female with 3 
males per plate).  Twenty-four hours later adult gravid/plugged mothers were transferred 
to new plates each day for 6 total days.  F2 progeny were counted after 48 hours of being 
laid by F1s.  Twenty-five replicates were conducted on the parental strains and each 
hybrid line. 
The intrinsic growth rate was calculated by Euler’s equation  e
rx
 l(x)  m(x) = 1. 
To equate the exponential growth of the population, morality [l(x)] and fecundity [m(x)] 
was incorporated into the equation (where (x) is a function of time).  If the exponential 
growth of the population is equivalent to one, then the mortality rate and the fecundity 
rate are equivalent to each other.  Solutions to Euler’s equation were determined as 
described in Vassilieva and Lynch (1998). 
Embryonic lethality, peak ovulation rates and intrinsic growth rates of parents and 
















Cybrids genotypes were confirmed using primer pairs to amplify species and 
strain-specific products (Table 2).   Amplification products were separated by 
electrophoresis using 2% agarose gels. 
 
Worm lysis 
 Before PCR could be performed, worms were lysed to liberate their nuclear and 
mitochondrial DNA.  A 100l of lysis buffer (50 mM KCl, 10 mM Tris-HCl pH 
8.3, 2.5 mM MgCl2, 0.45% NP-40, 0.45% Tween 20) had 0.3l proteinase K (60g/ml) 
freshly added (Sulston and Hodgkin, 1988).  Ten adult worms were placed into 15l of 
the lysis/proteinase K solution.  The worms were then placed into a DYAD Thermal 
Cycler, incubated at 60.0C for 1 hour to allow proteinase K to degrade proteins,  
and then incubated at 95.0C for 15 minutes to inactivate proteinase K.  Lastly the 
thermal cycler remained at 4.0C until samples were retrieved.   
 
Polymerase chain reaction 
 Polymerase chain reaction (PCR) was completed to amplify strain specific 
mitochondrial plasmid and nuclear chromosomal regions.  The cybrids with the 
mitochondrial inheritance from C. briggsae AF16 underwent a 25l reaction with 2.5l 
of worm lysate, 5l of DNA/RNA free water, 5l of forward and reverse CbrNad5/Nad3 
primers, and 12.5l Q5 Hot Start Higher-Fidelity 2X Master Mix.  The Q5 consists of 
dNTPs, 2 mM MgCl2 and Taq polymerase. The primers specifically targeted the Nad5 
and Nad3 mitochondrial regions for amplification.  The PCR samples were incubated in a 
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DYAD Thermal Cycler for 5 minutes at 95.0C first.  This step activates the Taq 
polymerase in the Q5 Hot Start Higher-Fidelity 2X Master Mix.  Samples were then 
cycled 36 times through these steps: 95.0°C for one minute, 62.5°C for one minute, and 
72.0°C for two minute. The final step was performed at 72.0°C for 10 minutes for DNA 
elongation.  Samples remained in thermal cycler at 4.0°C until retrieved. 
 Cybrids with mitochondria of C. briggsae JU1345 underwent a 25l reaction with 
2.5l worm lysate, 5l of DNA/RNA free water, 5l of forward and reverse JU_pNa52 
primers and 12.5l Q5 Hot Start Higher-Fidelity 2X Master Mix.  The primer specifically 
targets a portion of the Nad5 and Nad3 protein encoding mitochondrial genes.  PCR 
samples were incubated in a DYAD Thermal Cycler for 14.5 minutes at 95.0C first.  
Samples were then cycled 36 times through these steps: 95.0°C for 30 seconds, 61.0°C 
for 30 seconds, and 72.0°C for one minute. The final step was performed at 72.0°C for 10 
minutes.  Samples remained in the thermal cycler at 4.0°C until retrieved. 
 Though paternal mitochondrial leakage is rare, the interspecific cybrids were 
tested for the presence of C. nigoni mitochondria.  The 25l PCR reaction included 2.5l 
worm lysate, 5l of DNA/RNA free water, 5l of forward and reverse Csp9Nad5/Nad3 
primers, and 12.5l Q5 Hot Start Higher-Fidelity 2X Master Mix.  The C. nigoni specific 
primer targets for the protein encoding mitochondrial genes Nad5 and Nad3.  PCR 
samples were run with the same program in the thermal cycler as the cybrids with 
mitochondria of C. briggsae JU1345.   
 The nuclear genomes were amplified under PCR as well to verify that mating 
crosses were conducted correctly when constructing the cybrids.  For the interspecific 
cybrids, an expected 99.9% of the nuclear genome is composed from C. nigoni EG5268.  
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A portion of the C. nigoni nuclear genome was screened in interspecific cybrids in a 25l 
reaction with 2.5l worm lysate, 5l of DNA/RNA free water, 5l of forward and reverse 
Vab3, and 12.5l Q5 Hot Start Higher- Fidelity 2X Master Mix.  The Vab3 primer 
targets a portion of the X chromosome. Samples were incubated at 98.0C for 30 seconds 
in a DYAD Thermal Cycler to activate Taq polymerase.  Samples were then cycled 29 
times through these steps: 98.0°C for 10 seconds, 58.0°C for 30 seconds, and 72.0°C for 
30 seconds. The final step was performed at 72.0°C for 2 minutes.  Samples were stored 
at 4.0°C until used for gel electrophoresis. 
 The cybrids with a C. briggsae AF16 nuclear genome were amplified as well.  
Again, in a 25l reaction with 2.5l worm lysate, 5l of DNA/RNA free water, 5l of 
forward and reverse Vab3, and 12.5l Q5 Hot Start Higher-Fidelity 2X Master Mix.  
PCR samples were run with the same program in the thermal cycler as the interspecific 
cybrids for the C. nigoni EG5268 X chromosome.  The C. briggsae JU1345 X 
chromosome was not amplified because no species specific primer is available.  
 
Agarose gel electrophoresis 
 All PCR products were examined by electrophoresis with a 2% low melting point 
agarose gel containing 0.5µg/ml ethidium bromide in 1X TBE (90mM Tris 
hydroxymethylaminomethane, 90mM boric acid, 2mM tetrasodium salt ethylenediamine 
tetraacetic acid and 0.5µg/ml ethidium).  The gels were run for approximately 2 hours at 







The overall goal of this project was to determine how divergence impacts 
interactions between the nuclear and mitochondrial genomes in the nematode genus 
Caenorhabditis.  This was accomplished by constructing two sets of interspecific cybrids 
between Caenorhabditis briggsae and Caenorhabditis nigoni and two sets of intraspecific 
cybrids between two strains derived from divergent C. briggsae populations.  Fitness 
assays were performed and cybrids were compared to parental controls to determine if 
divergence between these species and populations impacted interactions between the 
nuclear and mitochondrial genomes.  It was expected that the interspecific cybrids would 
demonstrate high variations from their fitness assays in comparison to their parents 
because of a disruption between the mitochondrial and nuclear genomic interactions.  The 
intraspecific cybrids were expected to demonstrate a low degree of variation between 
their fitness assays compared to their parents because the parentals’ divergence is not as 
large as the interspecific parentals.   
 
Specific Aim 1: Analyses of fitness in C. briggsae:C. nigoni interspecific cybrids. 
The average nuclear divergence between C. briggsae and C. nigoni is about 1 
million years ago (Cutter et al., 2010).  This corresponds to a coalescence time of 10.2 x 
10
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Figure 8: Mitotypes of interspecific cybrid set 1.  Cybrids PB3500, PB3501 and PB3502 
obtained their mitochondria were fromthe maternal C. briggsae AF16 strain and not from 
the paternal C. nigoni EG5268 strain.  The expected amplicon size from C. briggsae 
AF16 mitochondria was 506 bp.  No amplicon was expected from C. nigoni EG5268 









Figure 9:  Species-specific amplification products from the X-linked vab-3 gene in 
interspecific cybrid set 1.  C. nigoni EG5268 and cybrids PB3500, PB3501 and PB3502 
were expected to have an amplicon of 297 bp. whereas C. briggsae AF16 was expected 







constructed to determine if this degree of divergence is sufficient to impact interactions 
between the nuclear-mitochondrial genomes.  One set of the interspecific cybrids had 
three independent replicates with C. briggsae strain AF16 mitochondria and a C. nigoni 
strain EG5268 nuclear genome (Figures 8 & 9).  AF16 was used to construct cybrids   
because the strain’s mitochondrial genome has the detrimental pseudogene NAD5-2 
(Howe and Denver, 2008; Raboin et al., 2010).  It is unclear how the nuclear genome 
impacts the deletion NAD5-2 causes to a portion of the NAD5 subunit of Complex I 
(Howe & Denver, 2008; Raboin et al., 2010).  The other interspecific set had three 
independent replicates with C. briggsae strain JU1345 mitochondria and a C. nigoni 
EG5268 nuclear genome (Figure 10 & 11).  JU1345 is part of the Kerala population 
which is most basal to the tropical population that AF16 is geographically part of (Cutter 
et al., 2010).  JU1345 lacks NAD5-2 and therefore mitochondria from this strain are not 
subject to NAD5 deletion (Raboin et al., 2010).  Reciprocal cybrids were not constructed 
because C. briggsae males mated to C. briggsae:C. nigoni F1 females produce only 
arrested embryos (Woodruff et al., 2010).   
To evaluate the disruption between the nuclear and mitochondrial genomes, the 
parentals and the interspecific cybrids were tested under three different fitness assays: 
embryonic lethality, ovulation rates and intrinsic growth rates.  Embryonic lethality was 
assessed as a maladaptive phenotype, for embryogenesis requires much energy from the 
oxidative phosphorylation cycle.  The amount of eggs laid was assessed because again 
much energy is needed to produce a healthy oocyte.  If there is a decrease in ovulation 






Figure 10:  Mitotype of interspecific cybrids set 2.  C. briggsae JU1345 strain and 
cybrids PB3503 and PB3504 were expected to have a band size of 191bp. C. nigoni 
EG5268 strain was not expected to display a PCR product because the primer was species 











Figure 11:  Species-specific amplification products from the X-linked vab-3 gene in 
interspecific cybrid set 2.  Lane 2 has both C. briggsae JU1345 and C. nigoni EG5268 
within in a PCR sample.  A band for C. briggsae JU1345 was not expected because the 
primer was not constructed based on JU1345’s X chromosomal region.  Bands were 
expected, however, for C. nigoni and cybrids PB3503 and PB3504.  The other cybrid that 
is a part of this set, PB3505, was not tested because the population died before worms 




disruption between the nuclear and mitochondrial genomic interactions.  Lastly, the 
intrinsic growth rates of cybrids and parents were assessed.  Intrinsic growth rate is a 
calculation that illustrates the exponential growth of a population within a species and 
can be calculated from brood schedules.  The calculation is a composite of factors, 
including fecundity and mortality rate.   
Embryonic lethality 
Embryonic lethality was determined as the fraction of embryos that failed to hatch 
within 24 hours of egg laying.  In wild-type animals embryogenesis typically is complete 
and hatching occurs within 10 hours (Sulston et al., 1983; Baird and Yen, 2000).  
Therefore, embryos that do not hatch within 24 hours likely are arrested. 
If mitochondrial function was impacted by a foreign nuclear genome, then more 
dead embryos would appear in the interspecific cybrids than in the parental strains.  In the 
PB3500, PB3501 and PB3503 cybrid strains, which possessed C. briggsae AF16 
mitochondria, embryonic lethality was elevated relative to both parental strains (Figure 
12).  These differences were significant when compared to C. briggsae AF16 (p < 0.01; 
Table 3).  Embryonic lethality in PB3500 also was significantly higher than in C. nigoni 
EG5268 (p < 0.01; Table 3).  Embryonic lethalities in PB3501 and PB3502 did not differ 
significantly from the C. nigoni EG6268 parental strain (Table 3).   
The other set of interspecific cybrids, PB3503, PB3504 and PB3505 contain the 
C. briggsae mitochondrial strain JU1345.  All three cybrids had raised levels in 
embryonic lethality next to both parental strains (Figure 13).  Variations between 
PB3503, PB3504 and PB3505 were significant relative to C. briggsae JU1345 (p < 0.01; 






Figure 12:  Percent of embryonic lethality of interspecific cybrids set 1.  Colors represent 
the mitotype contributed to the cybrids; shown in key legend.  The cybrids were 
compared with each parent with a Student T-test.  The * and ** symbols represent 
significant difference between the cybrid and its parent that contributed the majority of its 
nuclear genome to the cybrid.  The  and  symbols represent significant differences 
between the cybrid and its mitochondrial donor parent.  Error bars represent twice the 


















PB3500 0.0012      < 0.0001   -  3.54 
PB3501 0.26        0.0014   -  2.04 
PB3502 0.24        0.0025   -  2.12 
PB3503 0.04   -      < 0.0001  2.68 
PB3504 0.77   -       0.0002  1.56 
PB3505 0.012   -      < 0.0001  3.80 
1
Compared to C. nigoni EG5268 with a mean of 1.40.   
2
Compared to C. briggsae AF16 with a mean of 0.52. 
3
Compared to C. briggsae JU1345 with a mean of 0.04. 
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Figure 13:  Percent of embryonic lethality of interspecific cybrids set 2. Colors represent 
the mitotype contributed to the cybrids; shown in key legend.  The cybrids were 
compared with each parent with a Student T-test.  The * and ** symbols represent 
significant difference between the cybrid and its parent that contributed the majority of its 
nuclear genome to the cybrid.  The  and  symbols represent significant differences 
between the cybrid and its mitochondrial donor parent.  Error bars represent twice the 




(p < 0.05 and p < 0.01 respectively; Table 3).  Therefore, the majority of these cybrids 
were significantly different from EG5268.  Embryonic lethality was not significant 
between PB3504 and C. nigoni EG5268 (Table 3). 
The first and second set of interspecific cybrids had similar levels of embryonic 
lethality from one another.  Both sets of cybrids had an increase in embryonic lethality 
compared to C. briggsae and C. nigoni.  Each individual cybrid had a unique level of 
embryonic lethality causing great variations between each set and within each set of 
cybrids. 
 
Peak ovulation rates 
Ovulation rates were determined from the number of progeny obtained in a 24 
hour period during the first full day of egg laying.  This period corresponds to the fourth 
day of the nematode’s life and the worm’s brood schedule (Vassilieva and Lynch, 1998).  
The interspecific cybrids expressed similar brood schedules as their parents (Figures 14 
& 15).  During first two days of life, the worms undergo molting stages; therefore, no 
eggs are produced these days.  By day three the worms have reached adulthood and begin 
laying eggs (assuming the worm was mated with a viable mature male).  The peak 
ovulation rate, which corresponds to the peak number of progeny, usually occurs on day 
4 of the brood schedule.  Occasionally, equal or slightly more progeny were observed on 
day 5 (e.g. PB3495, PB3496 and PB3504).  More often, progeny production decreases 






Figure 14:  Brood schedules of C. nigoni strain EG5268 and C. briggsae strains JU1345 















Figure 15:  Brood schedules of interspecific cybrids.  PB3504 cybrid had slightly higher 
amount of young produced on day 5 than day 4.  Error bars correspond to plus and minus 











Interspecific cybrids PB3500, PB3501, and PB3502 had a decrease in ovulation 
rates compared to their C. briggsae AF16 mitochondria donor (Figure 16).  The cybrids  
laid about 2.89 eggs per hour on day 4 while AF16 laid about 4.59 eggs per hour on day 5 
of their life.  These differences were significant (p < 0.05; Table 4).  Peak ovulation rates 
of these cybrid strains also all were lower than that of C. nigoni EG5268 parental strain, 
which had an egg laying rate of 3.98 eggs per hour.  These differences were significant 
for PB3501 and PB3502 (p < 0.05) but not for PB3500 (p = 0.075) (Table 4). 
Ovulation rates of the second set of interspecific cybrid individuals with a C. 
briggsae strain JU1345 mitochondria exhibited variation from their parents (Figure 17).  
Cybrid PB3503, PB3504 and PB3505 had an average mean of 3.12 eggs per hour for 
their maximal ovulation rate.  Their JU1345 mother laid about 5.18 eggs per hour.  The 
differences between cybrid and mother were significant (p < 0.01; Table 4).   The number 
of eggs laid on day 4 or 5 of the cybrids life was also lower than their C. nigoni father, 
which laid about 3.98 eggs per hour.  Significant differences were observed among 
PB3503, PB3505 and C. nigoni (p < 0.05; Table 4).  Cybrid PB3504 was not significantly 
different from C. nigoni at p = 0.59 (Table 4).   
From set one, PB3501 and PB3502 had very similar in ovulation rates, with only 
a ~0.04 difference between one another.  PB3503 and PB3505 from set 2 were similar as 
well but with a larger difference of ~0.45.  Set 1 and set 2 interspecific cybrids only 
differed by the variations each set had from their parentals.  Set 2 of cybrids had a larger 






Figure 16:  Maximal ovulation rates of the first set of interspecific cybrids. Colors 
represent the mitotype contributed to the cybrids; shown in key legend.  The cybrids were 
compared with each parent with a Student T-test.  The * and ** symbols represent 
significant difference between the cybrid and its parent that contributed the majority of its 
nuclear genome to the cybrid.  The  and  symbols represent significant differences 
between the cybrid and its mitochondrial donor parent.  Error bars represent twice the 

















PB3500 0.075          0.013   -  3.15 
PB3501 0.0085        0.0005   -  2.78 
PB3502 0.012        0.0016   -  2.74 
PB3503 0.0008   -      < 0.0001  2.34 
PB3504 0.59   -         0.0089  4.25 
PB3505 0.012   -      < 0.0001  2.77 
1
Compared to C. nigoni EG5268 with a mean of 3.98.   
2
Compared to C. briggsae AF16 with a mean of 4.59. 
3
Compared to C. briggsae JU1345 with a mean of 5.18. 
4











Figure 17:  Maximal ovulation rates of the second set of interspecific cybrids.  Colors 
represent the mitotype contributed to the cybrids; shown in key legend.  The cybrids were 
compared with each parent with a Student T-test.  The * and ** symbols represent 
significant difference between the cybrid and its parent that contributed the majority of its 
nuclear genome to the cybrid.  The  and  symbols represent significant differences 
between the cybrid and its mitochondrial donor parent.  Error bars represent twice the 
standard error.  The p-values are represented in Table 4. 
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Intrinsic growth rates 
The last fitness component tested  was intrinsic growth rates.  Data collected from 
brood schedules was used to determine the rmax for each parental and cybrid strain.  
Interspecific cybrids PB3500, PB3501 and PB3502 did not vary from one another (Figure 
18).  The rmax ranged from ~0.99 to ~1.17 within cybrid set 1.  Overall, there was not a 
significant difference between the cybrids and their C. nigoni parent (Table 5). C. nigoni 
had an rmax just above the cybrids range, being at ~1.19.  The cybrids were not tested 
against C. briggsae strain AF16 because of the difference in reproduction mode.  The 
cybrid strains are gonochoristic like the C. nigoni parental strain whereas C. briggsae is 
hermaphroditic.  Therefore, reproduction in C. briggsae will always commence with the 
switch from spermatogenesis to oogenesis, which occurs shortly after adulthood.  In 
gonochoristic strains, reproduction commences after mating.  This cannot occur until 
females and males both reach adulthood and may be variably delayed beyond that.  The 
variation in reproductive mode is likely to have a larger impact on intrinsic growth rates 
than the difference in mitochondrial and nuclear genomes.   
Intrinsic growth rates of PB3503, PB3504, and PB3505 also did not display much 
variation between one another (Figure 19).  This cybrid set had an rmax range from ~0.99 
to ~1.14.  Like the first set of cybrids, the second set was not significantly different from 
C. nigoni (Table 5). 
  Each set of cybrids did not vary from one another nor from their C. nigoni 
parental strain.  The rmax ranges of both set of interspecific cybrids were relatively the 







Figure 18:  Intrinsic growth rates of interspecific cybrids set 1.  The interspecific cybrids 
were not calculated against their mitochondrial mother (AF16) in a student T-test.  Colors 
represent the mitotype contributed to the cybrids; shown in key legend.  The cybrids were 
compared with each parent with a Student T-test.  The * and ** symbols represent 
significant difference between the cybrid and its parent that contributed the majority of its 
nuclear genome to the cybrid.  The  and  symbols represent significant differences 
between the cybrid and its mitochondrial donor parent.  Error bars represent twice the 





   
 
Table 5.  Intrinsic growth rates of C. briggsae:C. nigoni cybrids. 





PB3500 0.75  1.18  
PB3501 0.25  1.12 
PB3502 0.037  0.991       
PB3503 0.015  0.993  
PB3504 0.50  1.24  
PB3505 0.41  1.14  
1
Compared to C. nigoni EG5268 with a mean of 1.20.   
2












Figure 19:  Intrinsic growth rates of interspecific cybrids set 2.  The interspecific cybrids 
were not calculated against their mitochondrial mother (JU1345) in a student T-test.    
Colors represent the mitotype contributed to the cybrids; shown in key legend.  The 
cybrids were compared with each parent with a Student T-test.  The * and ** symbols 
represent significant difference between the cybrid and its parent that contributed the 
majority of its nuclear genome to the cybrid.  The  and  symbols represent significant 
differences between the cybrid and its mitochondrial donor parent.  Error bars represent 
twice the standard error.  The p-values are represented in Table 5. 
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Both set of interspecific cybrids had a significant increase in dead embryos and 
decrease in ovulation rates compared to both parents.  However, these variations were not 
enough to impact the exponential population growth in the cybrids because there was not 
much variation seen in their intrinsic growth rates. 
 
Larval lethality 
During fitness assays, unexpectedly low levels of larval lethality phenotypes were 
discovered in C. nigoni and interspecific cybrids (Refer Appendix B: Figure b).  Two 
different types of larval lethality have occurred; namely Type 1 and Type 2.  Type 1 
abnormal phenotype appeared to have three different stages.  The worm first has 
difficulty passing L1-L2 molting stages (Refer Appendix B: Figure c & d).  Then the 
worm had a starvation appearance with the head and pharynx still visible (Refer 
Appendix B: Figure e).  Lastly the worm underwent necrosis (Refer Appendix B: Figure 
f).  Type 2 abnormal phenotype has much or part of the worm being transparent.  When 
visible, the head and pharynx were defined.  These worms have been observed with little 
muscular movement.  Due to fragility of worms showing abnormal phenotype Type 2, 
none have been successfully mounted and observed by compound microscopy for further 
analysis.  C. nigoni strain EG5268 had the second highest frequency of Type 1 larval 
lethality at ~2.57% (See Appendix I: Figure A).  Interspecific cybrid PB3505 had the 
highest frequency of Type 1 larval lethality at ~3.15%.  For Type 2, PB3500 cybrid had 




Specific Aim 2: Analyses of fitness in C. briggsae:C. briggsae intraspecific cybrids. 
Divergence between C. briggsae strains AF16 and JU1345 is 11-fold less than 
divergence between C. briggsae and C. nigoni.  Therefore, smaller disruptions the 
between nuclear-mitochondrial interactions were expected in the intraspecific cybrids.  
But if there is a disruption between the genomes, the cybrids will demonstrate significant 
differences in all fitness assays compared to both parents.  One set of the intraspecific 
cybrids had three independent replicates of an AF16 mitochondrial genome with a 
JU1345 nuclear genome (Figure 20).  The other intraspecific set had the reciprocal cross; 
three independent replicates of a JU1345 mitochondrial genome with an AF16 nuclear 
genome (Figure 21).  
 
Embryonic lethality 
Intraspecific cybrids PB3494, PB3495 and PB3496 have a mitochondrial genome 
from JU1345 and a nuclear genome of AF16.  The embryonic lethality of cybrids was 
higher than their JU1345 mother (Figure 22).  These differences were significant (p < 
0.05; Table 6). Cybrids PB3495 and PB3496 had higher numbers of dead embryos than 
AF16, while PB3494 exhibited lower embryonic lethality (Figure 22), but these 
variations were not significant (Table 6). 
The reciprocal set of cybrids is named PB3497, PB3498, and PB3499.  Two of 
the three cybrids were slightly elevated in embryonic lethalities relative to their AF16  
mother, while the other cybrid, PB3497, was lower (Figure 23).  None of the cybrids 





Figure 20:  Mitotype of intraspecific cybrid set 1.  Lane 2 was expected to not have a 
band because the primer is specific to C. briggsae AF16  and not to C. briggsae JU1345 
specific.  The cybrids PB3497, PB3498, and PB3499 exhibit that their mitochondrial 









Figure 21:  Mitotype of intraspecific cybrids set 2.  C. briggsae JU1345 and cybrids 
PB3494, PB3495 and PB3496 exhibit having the same band size of 191bp.  This band 
was expected because the primer was C. briggsae JU1345 specific.  No band was 











Figure 22:  Percent of embryonic lethality of intraspecific cybrids set 1. Colors represent 
the mitotype contributed to the cybrids; shown in key legend.  The cybrids were 
compared with each parent with a Student T-test.  The * and ** symbols represent 
significant difference between the cybrid and its parent that contributed the majority of its 
nuclear genome to the cybrid.  The  and  symbols represent significant differences 
between the cybrid and its mitochondrial donor parent.  Error bars represent twice the 


















PB3494      -  0.06  0.018      -  0.40 
PB3495      -  0.087  0.0007      -  1.12 
PB3496      -  0.69  0.019      -  0.64 
PB3497 0.043       -      -  0.25  0.28 
PB3498 0.053       -      -  0.90  0.56 
PB3499 0.001       -      -  0.86  0.56 
1,3
Compared to C. briggsae JU1345 with a mean of 0.04. 
2,4
Compared to C. briggsae AF16 with a mean of 0.52. 
5









lethality levels than JU1345.  PB3497 and PB3499 were significantly different than 
JU1345 (p < 0.05; Table 6) and cybrid PB3498 showed the same trend (p = 0.053; Table 
6). 
Embryonic lethality of intraspecific cybrid set 1 and set 2 did not vary from one 
another overall.  However, cybrid set 1 had more variation between each cybrid than  
from cybrid set 2.  Both set of intraspecific cybrids were significantly different from their 
JU1345 parent but were not significantly different than their AF16 parent, regardless of 
mitotype. 
 
Peak ovulation rates 
 Ovulation rates were also examined in the intraspecific cybrids.  The intraspecific 
cybrids had similar brood schedules as their nuclear parent C.briggsae AF16 (Figure 14 
& 24).  PB3494, PB3495 and PB3496 had a decrease in ovulation rates in comparison to 
their C. briggsae JU1345 mitochondria donor (Figure 25).  Cybrids had an average of 
4.35 eggs laid per hour on day 4 or 5of life while JU1345 had a rate about 5.18 eggs per 
hour (Table 7).  These dissimilarities were only significantly different with in cybrid 
PB3494 with p < 0.01 (Table 7).  All three cybrids were relatively similar to AF16 
maximal ovulation rate of 4.59 (Table 7; Figure 25).  No significant differences were 
detected between cybrids and AF16 (Table 7).   
The reciprocal set of intraspecific cybrids, PB3497, PB3498 and PB3499 had 
similar ovulation rates to their nuclear parent C. briggsae JU1345 (Figure 26).  Overall, 
cybrids had an egg laying rate of about 5.16 eggs per hour on day 4, while JU1345 had 






Figure 23:  Percent of embryonic lethality of intraspecific cybrids set 2. Colors represent 
the mitotype contributed to the cybrids; shown in key legend.  The cybrids were 
compared with each parent with a Student T-test.  The * and ** symbols represent 
significant difference between the cybrid and its parent that contributed the majority of its 
nuclear genome to the cybrid.  The  and  symbols represent significant differences 
between the cybrid and its mitochondrial donor parent.  Error bars represent twice the 






Figure 24:  Intraspecific cybrids brood schedules.  Error bars correspond to plus and 

















Figure 25:  Maximal ovulation rates of the first set of intraspecific cybrids. Colors 
represent the mitotype contributed to the cybrids; shown in key legend.  The cybrids were 
compared with each parent with a Student T-test.  The * and ** symbols represent 
significant difference between the cybrid and its parent that contributed the majority of its 
nuclear genome to the cybrid.  The  and  symbols represent significant differences 
between the cybrid and its mitochondrial donor parent.  Error bars represent twice the 


















PB3494      -  0.13  <0.0001     -  3.91 
PB3495      -  0.96  <0.0001     -  4.62 
PB3496      -  0.88  0.0029      -  4.51 
PB3497 0.15       -      -  0.24  4.99 
PB3498 0.0016       -      -  0.0043  5.17 
PB3499 0.04       -      -  0.61  4.79 
1,3
Compared to C. briggsae JU1345 with a mean of 5.18. 
2,4
Compared to C. briggsae AF16 with a mean of 4.59. 
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Figure 26:  Maximal ovulation rates of the second set of intraspecific cybrids. Colors 
represent the mitotype contributed to the cybrids; shown in key legend.  The cybrids were 
compared with each parent with a Student T-test.  The * and ** symbols represent 
significant difference between the cybrid and its parent that contributed the majority of its 
nuclear genome to the cybrid.  The  and  symbols represent significant differences 
between the cybrid and its mitochondrial donor parent.  Error bars represent twice the 




parent (Table 7).  Cybrids PB3498 and PB3499 were significantly different than JU1345 
(p < 0.01 and p < 0.05 respectively; Table 7).  However, PB3498 increased in egg laying 
rates compared to JU1345 rather than decreasing in rates like PB3499 (Figure 26).  All 
cybrids had an increase in peak ovulation relative to their AF16 parent (Figure 26).  
PB3498 cybrid was significantly different from AF16 (p < 0.01; Table 7).  PB3497 and 
PB3499 ovulation rates did not differ significantly from AF16 (p = 0.24 and p = 0.61 
respectively; Table 7).  The second intraspecific cybrid set had a higher number of eggs 
laid per hour on day 4 of their brood schedules than the first set of cybrids.   Both sets of 
cybrids were significantly different from their JU1345 parent’s peak ovulation rate.  
However, the cybrid sets did vary in significance in comparison to their AF16 parent.  
Each set of cybrids correlated in maximal ovulation rates with their father or nuclear 
parent more so than their mitochondrial parent. 
 
Intrinsic growth rates 
     Lastly the intrinsic growth rates of the intraspecific cybrids were assessed.  
PB3494, PB3495 and PB3496 each had an intrinsic growth rate similar to both parents, 
showing no significant difference (Figure 27).  The cybrids had a range of rmax of ~1.31 
to ~1.39, with both parentals having an rmax within this range (Table 8).   
PB3497, PB3498 and PB3499 cybrids were relatively similar to both parents as 
well (Figure 28).  Cybrids had an rmax range of ~1.33 to ~1.40.  PB3498 was slightly 








Figure 27:  Intrinsic growth rates of intraspecific cybrids set 1.  Colors represent the 
mitotype contributed to the cybrids; shown in key legend.  The cybrids were compared 
with each parent with a Student T-test.  The * and ** symbols represent significant 
difference between the cybrid and its parent that contributed the majority of its nuclear 
genome to the cybrid.  The  and  symbols represent significant differences between 
the cybrid and its mitochondrial donor parent.  Error bars represent twice the standard 




















PB3494      -  0.73  0.16      -  1.31 
PB3495      -  0.13  0.26      -  1.39 
PB3496      -  0.89  0.14      -  1.32 
PB3497 0.36       -      -  0.43  1.35 
PB3498 0.0071       -      -  0.047  1.40 
PB3499 0.021       -      -  1.00  1.33 
1,3
Compared to C. briggsae JU1345 with a mean of 1.36. 
2,4
Compared to C. briggsae AF16 with a mean of 1.33. 
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Figure 28:  Intrinsic growth rates of intraspecific cybrids set 2.  Colors represent the 
mitotype contributed to the cybrids; shown in key legend.  The cybrids were compared 
with each parent with a Student T-test.  The * and ** symbols represent significant 
difference between the cybrid and its parent that contributed the majority of its nuclear 
genome to the cybrid.  The  and  symbols represent significant differences between 
the cybrid and its mitochondrial donor parent.  Error bars represent twice the standard 





The intraspecific set of cybrids shared comparable rmax ranges for their intrinsic 
growth rates.  Parentals JU1345 and AF16 rmax fell within or near the cybrids ranges as  
well.  Therefore, the intraspecific cybrids and their C. briggsae parents were similar to 
one another in their exponential population growth. 
The only significant difference seen in the intraspecific cybrids was in their 
embryonic lethality.  Their embryonic lethality numbers were still not nearly as high as 
the interspecific cybrids’ embryonic lethality rates.  The intraspecific cybrids had some 
variation in their ovulation rates but again, the rates were not nearly as significant as the 
interspecific cybrids’ ovulation rates.  Because embryonic lethality and ovulation rates 
had slight variation within each component, the intrinsic growth rates of the intraspecific 







Eukaryotic organisms require interactions between their nuclear and 
mitochondrial genomes to perform cellular respiration.  Mitochondrial genes have been 
passed to and incorporated within the nuclear genome (Berg and Kurland, 2000).  The 
transferred genes lose function within the mitochondrial genome (Henze & Martin, 
2001).  However, for most organisms, not all genes of the mitochondria have been copied 
into the nuclear genome.  Therefore, these genomes have coevolved to support cellular 
activities. 
A disruption between the nuclear-mitochondrial interactions can be observed in 
hybrids, specifically cybrids.  A mismatch of genomes has been successfully constructed 
in mice (Nagao et al., 1998) and in Drosophila (Soh et al., 2007).   Physical performance 
and phenotypic traits were significantly different in the cybrid mice in comparison to 
their parents.  The cybrid mice overall decreased in fitness (Nagao et al., 1998).  In 
Drosophila, cybrids were constructed with mitochondria from a developed “normal-
lived” (Ra) strain with their nuclear genome from a “long-lived” (La) strain.  Reciprocal 
crosses were constructed as well.  Cybrids containing an Ra mitochondria displayed a 
normal life span across all different levels of diet.  Males and females with mitochondria 
from the La strain increased in longevity at different diet restrictions.  The mitochondria 
were proposed to be participating in the longevity of these cybrids by controlling nuclear 
DNA expression (Soh et al., 2007). 
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In my study, cybrids were constructed between sister species Caenorhabditis 
briggsae and Caenorhabditis nigoni and between two strains from distantly related 
populations of C. briggsae.  The sister species share a common ancestor 10.2 x 10
6
 
generations ago (Cutter et al., 2010).  C. briggsae strains used to construct intraspecific 
cybrids were JU1345 and AF16.  These strains of C. briggsae diverged about 8.92 x 10
5
 
generations ago (Cutter et al., 2010).  Though these strains are of the same species, both 
their nuclear and mitochondrial genomes have allelic variations (Cutter et al., 2010; 
Figure 5). 
Interpecific cybrids showed significant variations in embryonic lethality and in 
ovulation rates relative to each parent.  However, the C. briggsae:C. nigoni cybrids did 
not exhibit much difference in intrinsic growth rates between each other and their parents.  
Both the C. nigoni strain EG5268 and C. briggsae:C. nigoni hybrids produced lethal 
larval types.  Death, degradation and molting complications were witnessed in L1-L2 
stages of EG5268 and interspecific cybrids.  These larval lethality types may have played 
a role in the variations presented in the fitness assays.  All of these results of the 
interspecific cybrids indicate that the time of divergence between C. briggsae and C. 
nigoni was sufficient enough to disrupt the nuclear-mitochondrial interactions. 
 Intraspecific cybrids had slight variations in embryonic lethality between each 
cybrid.  The cybrids did not exhibit variation from their C. briggsae AF16 parent.  
Therefore, there was no evidence of mitochondrial and nuclear disruption in genomic 
interactions, rather the data suggest that AF16 strain is not as fit as the JU1345 C. 
briggsae strain.   Ovulation rates between each intraspecific cybrid set displayed 
variation as well.  However, the cybrids appeared to track with their father, or their 
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nuclear genome donor.  The nuclear genome contributes more to ovulation rate than the 
mitochondria DNA, therefore, it is not unexpected to have the cybrids tracking with their 
father in ovulation rate.  Because the C. briggsae:C. briggsae did not significantly 
decrease in fitness assays concerning embryogenesis and egg laying rates, the cybrids’ 
intrinsic growth rates were not affected.  The intrinsic growth rates were not significantly 
differently from one cybrid to another, nor from cybrid to parent.   
The fitness assays did shed light on differences between the interspecific and 
intraspecific cybrids.  C. briggsae:C. nigoni cybrids had at least double the amount of 
dead embryos than C. briggsae:C. briggsae cybrids.  Maximal ovulation rates in 
interspecific cybrids decreased in all individuals in comparison to their C. briggsae and 
C. nigoni parents.  On the other hand, not all intraspecific cybrids showed decreased 
ovulation rates in relation to their C. briggsae parental strains.  Moreover, 4 out of the 6 
intraspecific cybrids showed increased ovulation rates in contrast to their C. briggsae 
AF16 parent.  Only one intraspecific cybrid (PB3498) improved in egg laying in 
association with both C. briggsae parents.  Nonetheless, both interspecific and 
intraspecific cybrids did not differ in intrinsic growth rates.   
Fitness assay, embryonic lethality, determined that there were high rates of dead 
embryos from backcrossing a C. briggsae hermaphrodite with C. nigoni males for 9 
generations.  F1 hybrids of a C. briggsae male x C. nigoni female cross arrest in 
embryogenesis (Baird & Yen, 2000).  Mechanisms causing dead embryos in the 
constructed hybrids from a C. briggsae mother and a C. nigoni father could be explained 
by a disruption between the nuclear and mitochondrial interactions.   
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In animals, the transfer of mitochondrial genes to the nuclear genome is believed 
to be ceased (Boore, 1999).   However, mutations can arise 14.3 per site per 10
6
 years in 
the Caenorhabditis elegans mitochondrial genome (Denver et al., 2000).  Although the 
mitochondrial genome is no longer passing along its genes to the nuclear genome, the 
mitochondria DNA is still changing.  Through natural selection, the nuclear genome has 
maintained communication with the mitochondria in case a mutation within the 
mitochondrial genome would arise and potentially produce faulty proteins involved in the 
electron transport chain.  When the nuclear genome is needed to compensate for a 
disadvantageous mitochondrial gene, the nuclear genome will inquire a fixed gene that is 
unique to its equal mitochondrial partner.  A cybrid’s assymetrical genomes cannot 
account for the unique genomic interactions.  Hence, embryonic lethality is of a 
consequence from the interruption of foreign mitochondria matched with a foreign 
nuclear genome.   
Paternal mitochondria inheritance is uncommon because it is not favored and has 
been shown to lead to diseases (Schwartz & Vissing, 2002).  Although rare, the following 
organisms have had sporadic paternal mitochondria inheritance: sheep, mice, cattle, 
mussels, insects (Zhao et al., 2004) and in C. briggsae strain HK105 (Coleman-Hulbert, 
thesis 2010).  Mitochondria in sperm of C. elegans are not elongated oval-shapped as 
many cellular bodies contain, such as in eggs; instead they are granular in shape.  The 
paternal mitochondria also do not proliferate or undergo fusion during the late stages of 
embryogenesis (Sato & Sato, 2012).  Though Sato and Sato (2012) knocked out the lgg-1 
gene that essentially controls components responsible for autophagy, the question as to 
why paternal mitochondria is not maintained in embryos is yet to be answered.  One 
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hypothesis as to why paternal mitochondria are destroyed during embryogenesis is that 
the mtDNA is damaged from an accumulation of reactive oxygen species during the 
sperms long course to reach the mature oocyte (Sato & Sato, 2012).  This hypothesis 
seems plausible since C. elegans embryo hold nearly 25,000 mtDNA copies while sperm 
hold about 30-40 copies (Lemire, 2005).  Sperm mitochondria would be such a small 
contribution to an embryo in the case of energy production.  Nonetheless, if the sperm 
mitochondria were damaged from reactive oxygen species, cellular metabolism could be 
decreased.  Therefore, the embryo would gain more from the lack of existence of paternal 
mitochondria.   Paternal inheritance was not observed in interspecific cybrids (Refer 
Appendix C: Figure g & h) nor in the second set of intraspecific cybrids (Refer Appendix 
C: Figure i).    
If paternal inheritance did occur in my cybrids, there would have to be a constant 
inheritance from the father because of the multiple backcrossing that was done to 
construct the cybrids.  One strain of C. briggsae strain, HK105, exhibits paternal 
mitochondrial leakage (Coleman-Hulbert, 2010).  Though the amount of leakage that 
occurs from HK105 has not been assessed, the leakage from the father was able to be 
maintained during 10 generations of backcrossing with another C. briggsae female strain 
PB800 (Coleman-Hulbert, 2010). 
The C. briggsae AF16 strain contains the detrimental pseudogene NAD5-2 
(NADH dehydrogenase 5-like element) that deletes a portion of the protein-coding gene 
NAD5 within the mitochondrial genome (Howe & Denver, 2008).  NAD5 is important 
for the build of Complex I in the oxidation phosphorylation cycle (Ventura et al., 2006).  
Heteroplasmy can be present within AF16 because the deletion of NAD5 varies in 
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concentration, ranging from 0% to nearly 50% within the whole worm.  Some isolates 
have a repeated pseudogene of NAD5-2 beside one another, one being incomplete 
which reduces the probability of NAD5 deletion (Howe & Denver, 2008).  Though 
heteroplasmy was not tested for in C. briggsae AF16 cybrids, primers are available to use 
for amplification for further investigation (Hu et al., 2002).    Constructing hybrids with 
C. briggsae AF16 increases the chances of hybrid breakdown because of the presence of 
pseudogene NAD5-2.  In this case, hybrid breakdown was not observed in the 
intraspecific cybrid set with AF16 as the maternal.    
One interspecific hybrid, PB3505, was not stable.  This strain contains a C. nigoni 
nuclear genome and a C. briggsae strain JU1345 mitochondrial genome.  Though C. 
briggsae JU1345 lacks the NAD5-2 pseudogene (Raboin et al., 2010), nuclear and 
mitochondrial genomic interactions within the cybrid were not harmonious after ~1.5 
years of construction.  Interspecific cybrid PB3505 had the highest levels of larval 
lethality during fitness assays (Refer to Appendix B: Figure b).  Environmental states did 
not seem to be at play since the other cybrids were treated with the same batch of agar 
plates, E. coli and housing conditions.   
The mode of reproduction between the Caenorhabditis species used to construct 
the cybrids is not the same.  C. nigoni is a gonochoristic species, meaning that the species 
require males and females to produce young.  C. briggsae is an androdiecious species, 
having both hermaphrodites and males.  However, the males are not present at high rates 
in laboratory settings for C. briggsae strains.  The intraspecific cybrids nuclear genome is 
therefore of inbreeding and lack of recombination.   In contrast, the interspecific cybrids 
are not inbred because of outcrossing.  Interspecific cybrids are not then identical to one 
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another within each set unlike the intraspecific cybrids.  The hermaphroditic intraspecific 
cybrids is susceptible to the effects of the theory of Muller’s Ratchet.  This theory 
foresees that a small population size of asexuals will intensify in deleterious mutations 
because of the lack of effective recombination and uniparental inheritance (Muller, 
1964).   Mitochondria are especially vulnerable to Muller’s Ratchet for it exhibits no 
recombination, uniparental inheritance and high mutation rates (Denver et al., 2000). 
Hybridization normally leads to maladaptive phenotypes, such as the larval 
lethality observed in C. nigoni EG5268 and in the interspecific cybrids.  However, as 
described in Pfennig and Simovich (2002) mate choice can be preferred to be with 
another species.  Females of spadefoot toads, Spea bombifrons, are found to breed with 
Spea multiplicata males at rates between 0% - 40% (Pfennig and Simovich, 2002).  
Reproduction occurs in shallow, short-lived small ponds.  S. bombifrons tadpoles do not 
metamorph as fast as S. multiplicata tadpoles (Pfennig, 1992).  Therefore, the S. 
bombifrons that do mate with S. multiplicata see to increase the time to which their young 
will metamorph into toads before the pond dries up.  This hybridization does increase 
chances for low fertility and fecundity in the offspring, but the S. bombifrons female 
takes the risk for her young to increase their odds for survival (Pfennig and Simovich, 
2007).   
A future experiment to test with the cybrids is to observe mate preference.  About 
50 cybrid individuals with 50 individuals of one parental strain could be allowed to mate 
for nearly a year.  Single worm lysates, DNA amplification and gel electrophoresis would 
be used to test for the inheritance of both nuclear and mitochondrial DNA.  If the cybrids 
are no longer able to be distinguished from the parental strain, this would imply that the 
70 
cybrids preferred mating with their parent than with another cybrid.  On the other hand, if 
cybrids are distinguishable within the mixed population after a year, this would imply 
that mating preference is prevalent.   
Intraspecific cybrids were sent to Dr. Phil Hartman’s laboratory at Texas 
Christian University, for testing against oxidative stress in.  The Master’s student, Mason 
Yockey, found the intraspecific cybrids and the C. briggsae parents decreased in length 
(unpublished data, personal communication).  The number of offspring produced for the 
next generation was reduced as well (unpublished data, personal communication).  No 
significant differences were detected between the cybrids and the parentals (unpublished 
data, personal communication).  Future work will be to test the interspecific cybrids and 




















A.  BLAST 
 
Figure a.  Phylogeny based on Nad5 sequences.  The C. nigoni JU1422 Nad5 sequence 
was found in C. sp. 7 scaffold 00246 using a C. briggsae Nad5 query.  Cross-
contamination of the genome assemblies of C. nigoni and C. sp. 7 has been reported.  
Phylogenetic analyses consistently grouped C. sp. 7 scaffold 00246 sequences with C. 
briggsae, as would be expected for C. nigoni DNA.  BLAST searches were conducted 










B. Larval Lethality 
 
Figure b:  Percent yield of larval lethality in C. nigoni and in interspecific cybrids.  Type 



































































C.  Additional Gels 
 
Figure g:  Mitotype control of interspecific cybrids in set 1.  C. nigoni EG5268 
exhibits a mitochondrial band size of 175bp.  C. briggsae AF16 and cybrids PB3500, 
PB3501, PB3502 do not exhibit a paternal mitochondrial band from EG5268.  This 
was expected because the primer was C. nigoni specific and mitochondrial 















Figure h:  Mitotype control of interspecific cybrids in set 2.  C. nigoni EG5268 
exhibits a mitochondrial band size of 175bp.  C. briggsae JU1345 and cybrids 
PB3503, and PB3504 do not exhibit a paternal mitochondrial band from EG5268.  
This was expected because the primer was C. nigoni specific and mitochondrial 
















Figure i:  Mitotype control of intraspecific cybrids in set 2.  C. briggsae JU1345 
exhibits a mitochondrial band size of 191bp.  C. briggsae AF16 and cybrids PB3497, 
PB3498 and PB3499 do not exhibit a paternal mitochondrial band from JU1345.  This 
was expected because the primer was C. briggsae strain specific and mitochondrial 
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